ABSTRACT: Patients with total knee arthroplasty (TKA) have large deficits in physical performance in comparison to their healthy age-matched peers. Limb asymmetry stemming from less relative load borne by the surgical limb during daily mobility is associated with diminished performance and worsens with greater mobility demands. How common targets of postoperative care, such as muscle weakness, lower limb extension power, residual knee pain, and poor balance confidence can influence asymmetrical limb loading remains unclear. Forty-six patients with unilateral TKA underwent testing of impairments and motion analysis during 10˚decline walking at 3 and 6 months postoperatively. At 3 months, only quadriceps femoris strength asymmetry was found to be significantly related to both total support moment (M T ) (b ¼ 0.431; p < 0.001) and knee extensor moment (M K ) (b ¼ 0.493; p < 0.001) asymmetry. Again at 6 months, only quadriceps strength asymmetry was related to M T (b ¼ 0.432; p < 0.001) and M K (b ¼ 0.534; p < 0.001) asymmetry. Quadriceps strength significantly improved over time in both limbs, however, deficits between limbs remained. Persistent quadriceps weakness is a key factor associated with walking compensation patterns that are limiting the capacity for greater physical performance of patients with TKA. The pronounced asymmetry in limb and knee loading at 3 months remains unchanged until at least 6 months after surgery, and its association with quadriceps strength asymmetry does not substantially change over time. While other factors may also prompt gait compensations, emphasis on improved quadriceps strength should be a focus of efforts to resolve gait compensations and enhance physical performance outcomes. ß
It is estimated that 4.5 million people in the United States (U.S.) are currently living with a total knee arthroplasty (TKA) and the number of knee replacement surgeries will grow exponentially in the coming decades.
1,2 Still, 30% of patients' report dissatisfaction in physical function, despite marked improvement in knee pain and improving health-related quality of life.
2 Patients with TKA demonstrate quadriceps femoris weakness, 3 slower walking speed, 4 slower abilities negotiating stairs, 5 and a higher fall-risk 6 compared to healthy-matched peers 1 year following surgery.
Inter-limb joint mechanical asymmetry also exists following TKA, 7 as patients adopt compensatory strategies that distribute mechanical load away from the surgical limb thereby resulting in higher relative loading of the non-surgical limb. 8 This is important since asymmetries can lead to chronic joint overloading and accelerated degenerative changes in the nonsurgical limb. 9, 10 These inter-limb asymmetries are ubiquitous and can persist for years following surgery, 11 regardless of reduction in knee pain. Inter-limb asymmetries likely worsen during more physically demanding mobility tasks that require controlled eccentric muscle activity, like that needed while negotiating declines and stairs. Multiple modifiable factors can influence postoperative recovery, particularly those factors that contribute to inter-limb loading asymmetry. Quadriceps femoris strength asymmetry has been related to poorer physical performance and inter-limb asymmetry in gait mechanics. 7, [12] [13] [14] Lower limb extensor muscle power is also a relevant variable related to physical performance and fall risk in older adults. 15 Lower limb muscle deficits alone, however, do not account for all the variability in inter-limb asymmetry. Up to 20% of patients report residual knee pain following recovery from TKA. 16 Persistent knee pain could be a contributing factor to inter-limb asymmetry in this population. Low balance confidence has also been associated with inferior physical performance in patients following TKA 17 and predictive of functional decline in older adults. 18, 19 The influence these modifiable factors have on inter-limb asymmetry has largely been studied during tasks that require relatively low mechanical demand at the knee (i.e., level walking). 7, 14, 20, 21 Functional challenges requiring greater knee demand, however, are daily occurrences. Decline walking requires approximately two times greater knee internal extensor moment and six times greater mechanical power demand during the weight acceptance phase relative to level walking. 22 During a physically demanding task such as decline walking, internal extensor Conflicts of interest: One of the authors certifies that he (CEP), or a member of his immediate family, has or may receive payments or benefits unrelated to this work, during the study period, an amount of USD 5,000 to USD 100,000 from Biomet, Inc (Warsaw, IN). moments of the hip, knee and ankle must also provide intersegmental coordination between limbs to stabilize the mechanical loads in supporting the center of mass during stance. 23, 24 The summation of the sagittal extensor moments of the lower limb, total support moment (M T ), is considered a proxy measure of overall support to the body in stance. 24 More specifically, during the initial portion of the stance phase of decline walking, the large majority of the M T is made up of the decelerative demands of the knee extensor moment (M K ). 23 Proper knee extensor mechanics are critical for safe and effective use of the limb during this more physically demanding task.
Understanding the influence of impairments on postoperative mobility outcomes is important as more patients are eager to return to more physically demanding daily and recreational tasks following surgery. This is essential as complete restoration to an unimpaired level after TKA is rare, with only 33% of patients reporting no functional limitations with their surgical knee. 25 In fact, a fifth of TKA patients reported the surgery was not successful at allowing them to return to desired daily activities. 26 Exploring a mobility task that requires larger knee extensor demands is an important next step in exposing how modifiable postoperative impairments influence limb mechanics and patient performance. These data speak to the need for further research to help optimize postoperative mobility recovery and setting appropriate expectations preoperatively.
The purpose of this study was twofold: (i) to test whether the level of quadriceps femoris strength asymmetry, lower limb extensor power asymmetry, residual knee pain, and/or balance confidence explain the level of inter-limb joint mechanical asymmetry during a high-demand, decline walking, task at both 3 and 6 months following TKA and (ii) to compare the postoperative recovery on inter-limb joint mechanical and clinical outcomes over time. We hypothesized that each predictor variable would contribute to the variance explained in inter-limb asymmetry of the M T and M K at each timepoint. We further hypothesized that improvement in both joint mechanic and clinical outcomes would be observed over time, and help explain the inter-limb asymmetry relationships at each timepoint. 3) months following surgery. The 3 month assessment was the first timepoint as most patients have recovered from acute knee pain, restored peak knee range of motion and been discharged from formal physical therapy. The 6 month assessment was the final timepoint as physical performance improvements and recovery peak by this time. 5, 12, 27 All participants met the following inclusion criteria: Between 45 to 75 years of age; body mass index (BMI) less than 40; University of California, Los Angeles (UCLA) activity scale of greater than or equal to three; non-surgical knee pain less than or equal to 4 out of 10 on a visual analog scale; no comorbidities that would have influenced the balance or walking ability; no current diagnosis or treatment for neurological conditions; no prior knee joint replacement procedure to either limb and no plans of undergoing a TKA on the contralateral limb within 12 months after the initial procedure. All surgical procedures were performed by one of three orthopaedic surgeons and all participants were recruited from a single medical center (Salt Lake City, UT). The study was approved by the University of Utah Institutional Review Board and all subjects consented to participation prior to enrollment.
METHODS

Participants
An a priori power analysis was conducted based a conservative estimate of the association between quadriceps femoris strength and knee extensor moment asymmetry, 28 a Pearson correlation of r ¼ 0.40, indicated 46 participants would be needed to detect significant differences, while providing 80% power with a two-sided alpha 0.05. This sample size estimate is in line with the recommended 10 events per predictor variable in a regression model to avoid statistical overfitting, which implies risk of unreliable correlations due to having too many predictor variables for the available sample size. 29, 30 Motion Analysis Participants wore form-fitting shorts and shirts, and their own walking shoes. All participants were instrumented with 50 spherical retro-reflective markers (14 mm diameter) based on a modified Plug-In-Gait marker set (Vicon, Oxford Metrics Ltd., Oxford, UK). Markers were placed over the following landmarks: Cervical spinous process, manubrium of the sternum, inferior body of the sternum, bilaterally on the anterior/posterior superior iliac spines, right spine of scapula, iliac crests, greater trochanters, acromions, medial and lateral epicondyles of the femurs, medial and lateral malleoli, 1st and 5th heads of the metatarsals, dorsum of the feet and calcaneal tuberosities. One rigid cluster with four noncollinear markers were placed at the base of the lumbar spine and two non-rigid clusters with four non-collinear markers were placed at the lateral side of each thigh and shank. 31 A stationary trial was first taken with each participant in a neutral standing position to align with the global laboratory coordinate system. Each subject's local joint coordinates were aligned to their standing position to control for inter-subject variation in anatomical alignment during the static trial.
Trajectory data were recorded using a 10-camera motion analysis system (Vicon, Oxford Metrics Ltd., London, UK) at a sampling rate of 200 Hz and analog data were collected on a dual-belt treadmill instrumented with two force platforms (Bertec Corp; Columbus, OH) at a sampling rate of 1,000 Hz. All participants were asked to walk on a 10-degree decline sloped treadmill position. A warm-up period of three to 5 min allowed the participants to become comfortable walking on the instrumented treadmill. The participants were then instructed to "walk as normally as possible as if walking downhill" at a constrained treadmill velocity of 0.8 m/s. Trials in which participants lost their balance, used their upper extremities for support on the surrounding bars or stepped onto the adjacent force platform were excluded.
Clinical Metrics
We utilized the Patient Reported Outcomes Measurement Information System (PROMIS) Computerized Adaptive Testing (CAT) as a metric of patient-reported perception of physical function, pain interference, and depression. The physical function (PF-CAT) item bank v1.2 includes measures self-reported capability to performance various degree of physical activities. The pain interference (PIF-CAT) item bank v1.1 measures the extent to which pain hinders participants' engagement with social, cognitive, emotional, physical, and recreational activities. The depression (DEP-CAT) item bank v1.0 measures negative mood, views of self, and social cognition. These metrics has been used and validated for patient-reported outcomes in medical, surgical, and orthopedic specialties. [32] [33] [34] [35] For clinical interpretation of the above PROMIS CAT measures, a standardized T-score of 50 is defined as the average score for the U.S. general population with a standard deviation of 10. 33, 36 These results are based on calibration testing performed on a large sample of the general population.
Isometric knee extensor strength was measured on an electromechanical dynamometer (Humac NORM, CSMi, Stoughton, MA) as an indicator of quadriceps femoris strength. 37 Participants were harnessed into a seated position with the knee flexed to a 60-degree angle. A warm-up session of two submaximal (50% and 75%) and one maximal (100%) contractions were performed, prior to collecting three maximal isometric contractions. The three maximal trials were averaged for a single composite score of maximal torque output (Nm) for each limb. The non-surgical limb was tested first, followed by the surgical limb. A quadriceps femoris index was computed by dividing the maximal torque output of the surgical knee by that of the non-surgical knee. A percentage of complete symmetry (100%) was represented as the outcome, with values less than 100% indicating weakness of the surgical limb compared to the nonsurgical limb. This method of strength testing has shown good to excellent reliability (r ¼ 0.81-0.98). 37, 38 Lower limb power testing of the limb extensors was performed using the Leg Extension Power Rig (Medical Engineering Unit, Nottingham, UK) as an indicator of gross concentric lower limb power output. Prior to every testing session, the unit was zeroed and load calibrated. Participants were placed into a seated position with the knee flexed to 90-degrees in the starting position and 10-degrees short of full knee extension in the finishing position. A warm-up session of two submaximal (50% and 75%) and one maximal (100%) trials were performed, prior to collection of five maximal effort trials with 1 min of rest between trials. The nonsurgical limb was tested first, followed by the surgical limb. The top three scores were averaged for a single composite score of maximal power output (W) for each limb. A power index was computed by dividing the maximal power output of the surgical limb by that of the non-surgical limb. The leg extension power rig has been demonstrated to be a valid, reliable, and feasible means of assessing lower limb power output. [39] [40] [41] Residual knee pain was measured using the numeric pain rating scale (NPRS), which is frequently used as an 11-point pain intensity scale, where 0 ¼ no pain and 10 ¼ worst possible pain imaginable. 42 Immediately following the decline walking trials, participants were asked to rate the level of pain experienced in the surgical knee during the trials. The NPRS has shown high test-retest reliability with rheumatoid arthritis patients (r ¼ 0.96). 42 Balance confidence was measured using the Activities-specific Balance Confidence (ABC) scale, which is a 16-item survey of balance confidence across a wide spectrum of low-and high-demanding functional tasks. 43 The ABC scale was shown to be the best instrument for measuring balance confidence in moderate to highly functioning older adults. 44 It has also shown excellent validity and test-retest reliability in a variety of patient populations. 44 
Biomechanical Metrics
The M T of the lower limbs were computed as an absolute summation of the hip, knee, and ankle net joint moments. 45 This alternative approach to the original definition 24 was used to measure the overall magnitude of joint demand required of the lower limbs. The M K was also computed to more specifically compare the inter-limb asymmetry at the joint level. Inter-limb asymmetry of the M T and M K have been studied as logical outcome measures and shown to be effective for assessing coordination between the lower limb joints. 7, 28, 46, 47 Data Processing Marker trajectory and analog data were recorded and synchronized using Nexus 2.1.1 software (Vicon, Oxford Metrics Ltd., Oxford, UK). Post processing and extraction of joint mechanic variables were performed using Visual3D v6.00.27 (C-motion, Inc., Germantown, MD). Marker trajectory and analog data were low-pass filtered at 6 and 25 Hz, respectively using a 4th-order Butterworth digital filter based on residual analysis and visual inspection. 45 Three-dimensional angular kinematics were calculated using a Visual3D model with a Cardan sequence (x, y, z), which defined the orientation coordinate system of the distal segment with respect to the proximal segment. Joint kinetics were computed through standard inverse dynamic methods. 45 All joint mechanic variables of interest were extracted in the sagittal-plane (xaxis) during peak knee flexion angle during the weight acceptance phase (heel strike to mid-stance) of the decline walking trials. Ten complete steps (heel strike to toe off) on both limbs were collected for analysis.
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Data Analysis
For aim one, multivariable linear regression models were employed to investigate relationships between quadriceps femoris strength asymmetry, lower limb extensor power asymmetry, residual knee pain, and balance confidence on peak inter-limb joint mechanical asymmetry at both 3 and 6 months following TKA. To compare the effect of postoperative recovery on inter-limb joint mechanic outcomes, we stratified for time by regressing the predictor variables onto the outcomes at both time-points. Symmetry indexes were calculated for mean peak M T and M K contribution of the body support during weight acceptance phase of gait. Index scores were calculated as the value on the surgical limb divided by the scores on the nonsurgical limb. A score equal to 1 signified perfect symmetry, values greater than 1 signified greater scores on the surgical limb, and scores less than 1 signified lower scores on the surgical limb. 48 For aim two, paired t-tests were performed to determine the mean difference in the inter-limb joint mechanical asymmetry and clinical outcomes over time (3-6 months). Effect sizes were calculated based on partial correlations (Cohen's f 2 ). Cohen's f 2 equal to or greater than 0.02 present a small effect, equal to or greater than 0.15 present a medium effect, and equal to or greater than 0.35 present a large effect. 49 Data were analyzed using commercially available statistical software (Stata v14.1; Statacorp, LP, College Station, TX).
RESULTS
We screened 85 patients for eligibility. Prior to surgery, 37 patients did not meet the eligibility criteria. Twelve patients reported greater than 4 out of 10 on the visual analog scale for knee pain in the non-surgical joint, 10 reported undergoing a TKA on the contralateral knee, seven reported secondary comorbidities that affected ones' gait/balance ability, five where not interested in participation due to time demands and three had a BMI greater than 40 kg/m 2 . Following surgery, two patients dropped out of the study, leaving 46 patients with TKA that completed all testing at each time-point ( Table 1) . The 3 month regression model on M T asymmetry was significantly different from zero, F (4, 41) ¼ 3.04, p ¼ 0.027, with adjusted R 2 at 0.15, indicating that 15% of the variability in M T asymmetry was explained by the predictors (Figure 1 ). Quadriceps femoris strength index showed a significant positive relationship on the M T (b ¼ 0.431; p ¼ 0.001; Table 2 Table 2 ). The 6 month regression model on M K asymmetry was also significantly different from zero, F (4, 41) ¼ 3.08, p ¼ 0.027, with adjusted R 2 at 0.16, indicating that 16% of the variability in M K asymmetry was explained by the predictors (Figure 2) . Quadriceps femoris strength index showed a significant positive relationship on the M K (b ¼ 0.534; p ¼ 0.007; Table 3 ) limbs significantly improved from 3 to 6 months. The ABC score showed significant improvement over time (MD, 2.5; p ¼ 0.017, Table 3 ). No other variable showed significant change between 3 and 6 months.
DISCUSSION
The primary findings of the current investigation were: (i) quadriceps femoris strength asymmetry had a significant influence on both M T and M K asymmetry during decline walking at both 3 and 6 months whereas no other predictor in our model (i.e., lower limb power, knee pain, or balance confidence scores) had a significant influence; and (ii) quadriceps femoris strength asymmetry within both limbs and ABC scores significantly improved over time, while residual knee pain and lower limb extensor power asymmetry measures remained equivalent. Our findings emphasize the relative importance of quadriceps femoris strength asymmetry among a myriad of common impairments present within 6 months of surgery as they relate to movement quality and physical performance for patients with TKA. The relationship between asymmetries in limb loading and quadriceps femoris strength asymmetry persist over time, despite improvements in outcomes within the first 6 months of postoperative recovery.
Quadriceps femoris strength asymmetry demonstrated medium to large effects in explaining interlimb joint mechanical asymmetry during decline walking following TKA. Quadriceps femoris deficits have shown to be correlated with inter-limb asymmetry during alterative tasks that require greater knee joint demand such as chair rising 7, 50 and stair climbing. 51 However, these studies evaluated quadriceps femoris strength and inter-limb joint mechanical asymmetry during single events. Our study utilized a continuous decline walking task which we suggest is novel in that
the influence of muscular deficits was conducted on a repetitive, eccentrically-biased and physically demanding mobility task. Although quadriceps femoris strength asymmetry does improve after surgery from preoperatively levels, deficits continue to be observed years following surgery. 3 It is uncertain if restoration of the surgical limb strength ever reaches that of the contralateral limb or the strength of healthy-matched peers. 52 Our findings showed significant quadriceps femoris strength improvement in both the surgical and non-surgical limbs over time, however, the residual inter-limb asymmetry remained. Patients reported good perceived functional ability, balance confidence and minimal knee pain, despite these discrepancies in strength and joint mechanical asymmetry.
Continual inter-limb asymmetry during a more physically demanding mobility task could be related to a multitude of clinical factors. For example, inadequate motor retraining during the recovery period could be an important rehabilitative component currently underutilized in this patient population. Compensatory strategies observed prior to surgery have been shown to be retained up to 18 months following surgery. 53 Quadriceps femoris deficits are apparent at 4-6 months and persist 1-3 years following surgery, suggesting rehabilitation strategies in this area need to be amplified. 3 Underutilization of the surgical limb with daily and recreational activities could be preventing adequate stimuli needed to maximize muscle tissue for optimal strength recovery. Functional move- Lower limb power was investigated as an alternative metric of leg extensor muscle performance, effectively evaluating muscular function as a collective effort of the entire limb. Our findings did not find relationships between inter-limb asymmetry and lower limb extensor power discrepancies. Prior investigations have demonstrated reduced hip abductor (gluteal medius) force output to be associated with reduced joint moment contributions during a step down task 51 and inferior performance-based metrics following surgery. 54, 55 The inconsistent findings may be explained by the large degree of hip extensor muscle contribution required during power testing, while most joint kinetic demand during weight acceptance of decline walking is made up of predominantly knee and ankle extensor strategies. 23 Additionally, our primary objective was to compare inter-limb asymmetry, while prior investigations have compared relationships to clinically based measures and/or identifying joint mechanical differences to healthy-matched peers. Further investigation in needed in evaluating muscle weakness extending proximal and distal to the knee and what relationships to joint mechanical asymmetry are observed during more physically demanding mobility.
Residual knee pain and perceived confidence of the limb were originally hypothesized to help explain some of the variance in inter-limb asymmetry during decline walking. Our findings did not corroborate this theory as the large majority of participants reported minimal to no knee pain and good confidence of the limb at each time point. Patients' perception of physical function was nearly equivalent to the national average. Our findings indicate that patients overall selfreport of recovery was excellent, despite presenting with considerable inter-limb asymmetry in muscle strength and joint kinetics during decline walking. We chose valid and reliable metrics for pain and balance confidence that did not reveal substantive residual deficits during testing. Self-reported outcome measures may not be sensitive enough to accurately determine compensatory strategies during gait in the TKA population.
It is worth noting that although quadriceps femoris weakness showed medium to large effect sizes in explaining inter-limb asymmetry, less than 20% of the variance was explained by these predictors. Alternative factors need to be investigated to better explain why inter-limb asymmetry continues to exist postoperatively. Modifiable factors such as maladaptive motor strategies, alternative joint dysfunction, knee motion or implant design, could potentially explain more of the variance of inter-limb asymmetry during a higher demanding mobility task. Determining how these factors influence inter-limb asymmetry will provide the necessary framework to develop interventions that can be implemented into a longitudinal trial. At this time, it seems clinically intuitive to continue to focus on functional movement retraining and integrate highintensity quadriceps femoris strengthening during formal rehabilitation.
This study has limitations that need to be considered when interpreting the data. First, data were acquired while participants walked on an instrumented treadmill, which may not be the same as an over-ground sloped environment. Second, concerns of non-representative bias could be an issue as the cohort were relatively healthy and active. Although this concern could compromise the external validity, it highlights that even ideal patients with TKA still present with compensatory strategies during a higher demanding mobility task. Third, our sample size was Figure 2 . Relationship between predictors and knee extensor moment asymmetry at weight acceptance at 3 and 6 months after total knee arthroplasty.
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based on detecting medium to large effects, so a larger sample size with alternative clinical metrics are warranted to identify smaller effects if they exist. Fourth, multiple surgeons and implant designs were involved in this study, which could have influenced the results. Fifth, we did not track duration, type or quality of physical therapy services provided, which could have been a significant confounder to these results. While these factors may have limited our internal validity, we felt our pragmatic study design allowed us to evaluate the average patients' functional recovery following surgery.
CONCLUSION
Asymmetry in knee extensor strength, indicated by quadriceps femoris weakness on the surgical knee, is linked to both inter-limb total support moment and knee extensor moment asymmetry during the weight acceptance phase of decline walking at both 3 and 6 months following surgery. Lower limb extensor power asymmetry, residual knee, pain and balance confidence had no direct relationship to inter-limb asymmetry measures at either time-point. Quadriceps femoris strength asymmetry within both limbs and ABC scores significantly improved over time, while residual knee pain and lower limb extensor power asymmetry measures remained equivalent.
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